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This paper presents results from a multi-frequency electromagnetic sensor used to characterise the microstructural changes in 9Cr-1Mo and 2.25Cr-1Mo power generation steels after tempering and elevated temperature service exposure. The electromagnetic sensor can detect the microstructural changes in both steels due to the corresponding relative permeability and resistivity changes. The low frequency inductance value is particularly sensitive to the different relative permeability values of both steels.
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Efficient operation of power generation plant requires the microstructural condition to be assessed during service. Currently the microstructural state is assessed using replicas of the surface or inferred from hardness measurements, both taken during shut down periods. Non-destructive evaluation (NDE) of microstructural changes in power plant steels during their service life is of interest to aid in the determination of safe remnant life. Amongst a wide range of NDE techniques available, electromagnetic (EM) methods are of particular interest in evaluation of ferromagnetic ferritic heat resistant steels. EM sensors can be used in a non-contact fashion (with stand-off distances of over 10 mm) and can survey through (non-magnetic non-conducting) coatings. Ferritic Cr-Mo alloy steels are commonly used for heavy section power plant components such as steam line pipes, boiler tubes and turbine rotors operating at temperatures from around 560 C to 630 °C. Future operating temperatures may increase to 650 °C in order to increase the thermal efficiency of power plant [2] .
Cr-Mo-based creep-resisting steels, such as the 2.25 Cr-1 Mo, 9 Cr and 12 Cr families, are normalised, quenched and tempered, or normalised and tempered at service entry with their microstructures consisting of a tempered lath martensite (lath widths about 0.3-0.5 m) strengthened by alloy carbides [3] . During elevated temperature service (usually for 10s of years) the microstructure evolves gradually by [3] :
1. Coarsening of the fine tempered martensite laths into broader ferrite laths.
2. Coarsening of the fine M2X carbides into larger, more equilibrium M23C6 and/or M6C carbides.
3. Finally the formation of an equiaxed ferrite grain structure with grain growth and the concentration of coarser carbides on ferrite grain boundaries.
Multi-frequency EM sensors have proved sensitive to the change of ferrite/austenite fraction [4, 5] , shown using model alloys, in-situ analysis and modelling, and decarburisation [6, 7] , shown for high carbon steels for on-line and off-line monitoring.
Proto-type EM sensors are being used for in-situ monitoring of steel processing [8] . The theory as to how the relative permeability and resistivity of a sample affects the multifrequency EM response is presented elsewhere [9] . It has been reported that the microstructural changes in power plant steels e.g. 9Cr-1Mo [10, 11] , 2.25Cr-1Mo [10] subjected to long tempering and 5Cr-0.5Mo [12] subjected to creep testing result in changes to their magnetic properties. Therefore multi-frequency EM sensors should be able to detect the relative permeability (dominant effect) and resistivity (minor effect) changes, resulting from microstructural changes in power plant steels during service at high temperatures. To assess the sensitivity of a multi-frequency EM sensor to changes in microstructure, this paper has studied the EM sensor response to P9 and T22 power generation steel samples representative of initial service entry and long-term exposure microstructures.
The P9 and T22 steels studied were removed from a refinery furnace at a petrochemical plant after approximately 11 years at 520 °C (comparable with equivalent elevated temperature service at a power generation plant [13] ). Their chemical compositions are given in Table 1 . Selected samples (approx. 70mm×15mm×7mm) were heat treated to simulate the service entry microstructure, i.e. tempered martensite / bainite, by normalising at 950°C for 1 hour or 940 °C for 1 hour followed by air cooling to room temperature and then tempering at 760°C for 1 hour or 720 °C for 1.5 hours for P9 and T22 respectively. As-normalised samples were also examined. The heat treatment conditions have been determined as per ASTM standards A335 [14] and A213 [15] as well as literature data [10, [16] [17] [18] [19] .
Metallographic samples were polished to 0.25µm and etched in Kallings for P9 and 2% nital for T22. Scanning electron microscope (SEM) micrographs were obtained using a JEOL-6060. A four-point probe technique was employed to independently measure the resistivity of the steels with a direct current Cropico DO5000 microhmmeter at room temperature using cylinder specimens of 4.95 mm in diameter and 50.0 mm in length. The resistivity values used as input into the Comsol model (described later) to predict the relative permeability values.
A cylindrical EM sensor, similar to that used in [6] , consisting of one exciting coil and one sensing coil both wound around an insulating tube of 5.5 mm and 6.5 mm inner and outer diameters respectively was used. EM sensor tests were carried out on the same cylindrical specimens as for the resistivity measurements. The sensor was operated at 3V and a range of frequencies from 10 Hz to 1 MHz. Signals picked up by the sensing coil were recorded and processed by an Impedance Analyzer (Model S1260) made by Solartron Analytical measuring complex trans-impedance Z, from which mutual inductance L was calculated by L = Z/jω, where ω is angular frequency and j the imaginary unit.
The microstructure of the as-normalised P9 consists of predominantly martensite mixed with some bainite as shown in Fig. 1(a) . Subsequent tempering produces a simulated service entry microstructure, i.e. tempered martensite / bainite as shown in Fig. 1(b) . After long service exposure, the microstructure showed equiaxed ferrite with large carbides distributed within ferrite grains or on grain boundaries as shown in Fig.   1(c) .
The electrical resistivity measurements of all the samples are given in Table 2 . The tempering heat treatment has resulted in a 7.49% resistivity drop compared to the asnormalised P9 value. In contrast, the ex-service resistivity decrease compared with the normalised and tempered value is only 0.46% despite the large microstructural changes as described above. This is due to the resistivity value being most affected by the change in dislocation density and elements (for example carbon) in solution between the asnormalised condition and tempered condition, with the service exposure resulting in little further change in these factors. Fig. 2 (a) show the EM sensor measurements of the P9 samples as the real part of mutual inductance as a function of frequency. The real inductance is essentially independent of frequency over the low frequency (approx 10 -100 Hz) range then drops continuously with increasing frequency until it approaches a near zero value at very high frequencies (over approximately 0.1 MHz). For conciseness the inductance value at low frequencies (here taken as the mean value for the first 5 data points from 10 to 25 Hz) has been used as a characteristic parameter L0; the values of which are given in Table 2 .
The L0 of the as-tempered P9 is 45% lower than that of the service exposed value and 37.5% higher than the as-normalised value. Over the low frequency range, the relative permeability dominates the L0 value as the eddy currents are insignificant. As the frequency increases eddy currents strengthen (and the effect of resistivity strengthens accordingly) and reduce the mutual inductance, which accounts for the decreasing (damping) part of real inductance as shown in Fig. 2 (a) .
A 2D axisymmetric finite element (FE) model was developed for modelling the sensor signal output in response to a steel sample of given resistivity and relative permeability using Comsol Multiphysics. The model is broadly similar to that described in [6] . The resistivity values of modelled samples were taken from the experimental measurements and the relative permeability values determined by fitting the modelled real inductance with the experimental measurement based on a non-linear least square method with 51 frequency points from 10 Hz to 1MHz in Comsol LiveLink for Matlab.
It should be noted that fitting was also carried out for both the relative permeability and resistivity (to account for a situation where this value was unknown, e.g. during inspection of power plant components) and the difference in values obtained was very small (e.g. only 0.55% for the as-tempered and 1.65% for the service exposed P9). Close fits between the modelled and measured real inductance for all the samples have been achieved as shown in Fig. 2 . The fitted relative permeability values are presented in Table 2 as well as plotted as a function of low frequency inductance values in Fig. 3 . Fig. 3 indicates that the relative permeability values exponentially increase with corresponding low frequency inductance for both P9 and T22 steels in the different heat treated conditions. During the service exposure for P9, when the resistivity change is negligible, the significant increase (>100%) in relative permeability can be attributed to the annihilation of the ferrite lath boundaries (formed of dislocation networks in tempered martensite) reducing the number of pinning points affecting domain wall motion. Carbide coarsening, that mainly takes place on prior austenite grain boundaries, however, is expected not to significantly affect the domain wall pinning or contribute much to change in relative permeability because these carbides are so widely separated and some of them are, by this stage, so coarse (typically 1-2μm × 0.5-1μm) that their interfaces with the matrix becoming semi-coherent or incoherent can act as sites for reverse domains to be nucleated [20] . On nucleation, the domain walls will make larger movements because both there is increased energy stored and the pinning from these particles will be released [21] . The resistivity drop during tempering, which is slightly greater than during the service exposure, has a negligible influence on the low frequency inductance value according to Comsol modelling of the real inductance with a fixed relative permeability and changing resistivity values. Therefore, the increase in relative permeability during tempering for P9 can be ascribed to the change in microstructural features including a considerable decrease in the dislocation density in the strained martensite laths of the as-normalized P9, and as a result of changes in the laths to a larger lath size, as can be seen in Fig. 1(a) and (b) . These factors are expected to have a more dominant effect than the precipitation of carbides occurring mostly on lath and prior austenite grain boundaries, which play a relatively minor role in pinning domain walls as the grain/lath boundaries appear to be the major pinning points in this case [22, 23] .
The as-normalised T22 steel shows a mixed microstructure of bainite and some proeutectoid ferrite as shown in Fig. 4(a) . No carbides are present in the ferrite, but plate-like carbides can be seen within the bainite region. After tempering many carbides can be observed along prior austenite grain boundaries, on ferrite boundaries or within bainite regions as shown in Fig. 4(b) . The microstructure of T22 after the service exposure consists of equiaxed ferrite and a great many carbides outlining the ferrite grain boundaries or finely dispersed within the ferrite grains as shown in Fig. 4(c) .
Compared to P9 the T22 steel samples have much lower resistivity values due to a much lower content of solute alloy elements. However, the resistivity decrease due to service exposure and tempering are more significant than in P9, being 9.00% and 17.79% respectively.
The EM sensor measurements of the T22 samples in terms of the real part of mutual inductance as a function of frequency, is shown in Fig. 2 (b) . The L0 of the T22 changes on tempering and after service exposure in a similar manner as the P9 although to a lesser extent. There has been an 11.2% increase of L0 after service and 13.1% after tempering, corresponding to a 14.7% and 23.0% increase in relative permeability after service and tempering respectively.
There should be very low mobile dislocation densities present in both the T22 and P9 samples after a long service exposure. In comparison with P9, the service exposed T22 has a much lower relative permeability although it has, on average, a larger ferrite grain size, which would be expected to permit more domain wall motion before encountering a grain boundary and hence a higher relative permeability. However the service exposed T22 contains more carbide precipitates, which appears to be providing more pinning points for domain wall motion. This may be due to their fine dispersion within the grains giving rise to a shorter mean free path for domain wall motion. This outweighs the difference in ferrite grain size and accounts for the lower relative permeability value.
The as-tempered T22 has a slightly higher relative permeability value compared with the as-tempered P9, which can be attributed to a slightly larger lath size in T22 and a similar distribution of carbides, that is, mainly on lath and prior austenite grain boundaries as well as being comparable in number as can be observed in Fig. 1(b) and Fig. 3(b) . For the normalised condition, the higher relative permeability value for the T22 is as expected from the higher proportion of bainite consisting of ferrite laths with carbides present (and proeutectoid ferrite, which is known to have a higher permeability [6, 7] ) rather than the strained martensite laths with a high dislocation density present in the asnormalised P9.
In conclusion, the present multi-frequency EM sensor has proved sensitive to relatively small microstructural changes in both P9 and T22 steels during tempering and service that can be related to the changes in their resistivity and relative permeability.
The real inductance at low frequencies L0 is particularly affected by differences in the relative permeability of the steels studied, which is found to increase exponentially with the L0 values in the range studied. Fig. 3 Relative permeability as a function of low frequency inductance for both P9 and T22 samples in the different heat treated conditions fitting well with an exponential relationship.
